Trypanosoma congolense is a protozoan parasite that causes severe diseases in livestock. Three major quantative trait loci (QTL), Tir1, Tir2, and Tir3, control the survival time of mice after infection with T. congolense. Congenic mice carrying the C57BL/6 resistance alleles on the A/J background were developed for each of these loci. The congenic mice were used to physically map the regions containing the QTL gene(s) and to investigate the physiological effect of each locus. Clinical chemistry data for infected A/J, C57BL/6, and BALB/c mice were obtained for 15 analytes at five time points. Congenic mice were assessed for survival, parasitemia, and anemia as well as seven clinical-chemical analytes. The survival times were significantly increased in the Tir1 and Tir2 mice but not Tir3 congenic mice. The survival time of the parental inbred mice correlated negatively with parasitemia but positively with alanine aminotransferase activities in serum, suggesting that inflammatory reactions in the liver had a beneficial effect possibly associated with reduced parasitemia. However, there was no difference in parasitemia or liver enzyme activities of Tir1 and Tir2 congenic mice relative to their controls, showing that survival, parasitemia, and degree of liver damage are not associated with each other, despite the correlation in the parental lines. These data suggest that the congenic loci affect survival but do not affect control of parasite number. They may therefore act by limiting the pathological consequences of T. congolense infection.
African trypanosomes are extracellular protozoan parasites that multiply in the bloodstream and cause severe diseases in humans and livestock with fatal consequences unless treated. While trypanosomiasis due to Trypanosoma brucei causes significant morbidity and mortality in humans, trypanosomiasis caused by Trypanosoma congolense and Trypanosoma vivax is one of the most significant constraints on cattle production in Africa and the cause of major economic losses with serious effects on human health and welfare (13) . Anemia is the key feature of disease in cattle and persists after the first wave of parasitemia when parasite numbers have declined to low or undetectable levels. Anemia rather than parasitemia is best correlated with productivity and is used as the primary indicator of when to treat the infection; treatment to clear the parasites usually resolves the anemia.
African trypanosomes also infect laboratory mice, and the survival time after infection varies significantly between inbred strains of mice. A/J, BALB/c, and C57BL/6 mice have survival times of ϳ16, 50, and 110 days after infection with T. congolense strain 5E-12 (17a), and similar survival times have been observed with T. congolense IL1180 used in this study (8) (9) (10) . However differences in survival times between C57BL/6, A/J, and BALB/c mice are not dependent on the degree of anemia developed (17, 24) , suggesting that effects other than anemia are the major cause of death in mice. Nevertheless any insight into the mechanisms regulating anemia in mice may be of relevance to the anemia of cattle.
Three quantitative trait loci (QTL) affecting survival time after infection have been mapped in independent crosses between C57BL/6 and A/J mice and between C57BL/6 and BALB/c mice (10) . The three loci located on proximal chromosome 17, near the center of chromosome 5, and distal chro-mosome 1, respectively, were designated Tir1, Tir2, and Tir3 for "Trypanosoma infection response." The genomic positions of these large loci were refined to five smaller regions in a study of the same crosses that were extended to the F6 generation (8) . The QTL contributed 36, 22, and 32 days, respectively, to the difference in survival in the C57BL/6 ϫ BALB/c F2 cross and 31 and 22 days for Tir1 and Tir2 in the A/J ϫ C57BL/6 F2 cross. The Tir3 locus was nonsignificant in the F2 A/J ϫ C57BL/6 cross but highly significant in a subsequent F6 cross. These regions contain hundreds of genes; a combination of strategies is therefore required to identify plausible candidate genes for detailed evaluation. We have therefore collected extensive clinical chemistry data on these animals in order to help identify candidate genes that might plausibly control aspects of phenotype that correlate with survival.
Our previous mapping studies have shown that A/J and BALB/c mice appear to carry the same susceptibility alleles at the Tir1, Tir2, and Tir3 loci (8, 10) , although BALB/c mice have a significantly longer survival time than A/J mice (50 versus 16 days). Therefore, phenotypes regulated by strain-specific genotypes of QTL affecting survival time are likely to exhibit similar profiles in A/J and BALB/c mice, with BALB/c mice possibly showing intermediate values for parameters that are correlated with survival. We do not expect to see intermediate values of any phenotype in C57BL/6 mice, and consequently, where we do, that trait is unlikely to be associated with survival. Hence, by including BALB/c mice in any experiment, we can increase our power to detect correlations between any given parameter and survival.
Congenic mice are a powerful tool for identifying the specific effect of a single locus on a phenotype. A panel of three congenic mouse lines for the Tir loci has been created previously and phenotyped at the N4 generation (12) . We have now backcrossed the congenic lines to A/J for a further 4 generations to N8 to reduce the expected amount of residual nontarget-donor DNA from 6% to Ͻ1%. And we have produced a specific control line for each congenic line, since it has been shown that even the small proportion of residual non-targetdonor DNA that remains in the N8 genome after 7 generations of backcrossing can double the survival time of the mice. These controls carry the same nontarget regions derived from C57BL/6 mice as the congenic lines, and since these are present in test and control animals, they are not expected to give rise to observable differences in response to infection. Using these mice, it is possible to evaluate the effect of each QTL on the phenotype.
While the immune response to infection with T. congolense has been studied intensively (19, 31) , we are not aware of any systematic studies of the clinical chemistry of mice following infection with African trypanosomes, with the exception of studies of the interaction between host and parasite glycolysis (3, 33) . Clinical chemistry is routinely used in human medicine to identify pathological alterations of tissues, organ functions, or metabolic pathways that develop during the course of a disease, to estimate the severity of these alterations, and to decide on interventions that might be required.
In this article, we test the hypothesis that pathological consequences of trypanosomiasis, other than anemia, are responsible for differences in survival times of inbred mouse strains by reporting on 15 clinical chemical parameters for three inbred mouse strains and 8 parameters for six congenic mouse lines at five time points over the course of T. congolense infection.
MATERIALS AND METHODS
The founders of the inbred mouse lines C57BL/6J OlaHsd (C57BL/6), A/J OlaHsdnd (A/J), and BALB/cJ OlaHsdce (BALB/c) were purchased from Harlan UK, Ltd. (Bicester, Oxon, United Kingdom), and bred in the small animal unit at the International Livestock Research Unit, together with the congenic mice. All animals were treated in accordance with the Institute's Animal Care and Use Committee policies.
Congenic mouse lines are created by crossing two different lines, one of which is designated the donor line (C57BL/6 in this case) and the other the recipient strain (A/J). At each generation after F1, the offspring are genotyped to identify those animals that carry alleles from the donor strain (C57BL/6) in the region of interest. These are then backcrossed to the recipient line (A/J). The amount of donor genome present in the recipient line of the offspring halves at each generation, and by the N7 generation, it is reduced to Ͻ1% in addition to the target region.
Three congenic lines were created corresponding to each of the predicted Trypanosoma infection response (Tir) loci: Tir1, Tir2, and Tir3 on chromosomes 17, 5, and 1, respectively. The progeny at each backcross generation were genotyped with microsatellite markers defining the genetic intervals containing the QTL using the following markers: D17Mit29, D17Mit16, and D17Mit11 for Tir1; D5Mit200, D5Mit157, and D5Mit58 for Tir2; and D1Mit60, D1Mit217, and D1Mit87 for Tir3. At the seventh generation of backcrossing, each line was typed with a series of markers at ϳ2-cM intervals flanking the Tir loci. The individuals with the shortest donor haplotype extending beyond the QTL interval were used for breeding the next generation by intercrossing full-or half-sib male and female carriers of the C57BL/6 donor region. The progeny of these were genotyped, and those individuals homozygous for the alternative haplotypes were used as founders to propagate each line, which were denoted either "Tir1AA," "Tir2AA," or "Tir3AA" for homozygotes at the QTL for the recipient A/J haplotype or "Tir1CC," "Tir2CC," or "Tir3CC" for homozygotes at the QTL for the donor C57BL/6 haplotype. Thus, a total of six lines were produced: these are Tir1AA and Tir1CC, Tir2AA and Tir2CC, and Tir3AA and Tir3CC. The Tir1CC line is homozygous for a C57BL/6 haplotype spanning the 10-cM interval between markers D17Mit84 and D17Mit177 on Mmu17. The Tir2CC line is homozygous for a C57BL/6 haplotype spanning ϳ30 cM between markers D5Mit184 and D5Mit136 on Mmu5. Tir3CC individuals have a C57BL/6 haplotype spanning ϳ10 cM between markers D1Mit49 and D1Mit139 on Mmu1.
The recommended names for the test lines according to the Mouse Genome Informatics would be "A.B6-Tir1," "A.B6-Tir2," and "A.B6-Tir3." However, there is no recommended nomenclature for the control lines, so for clarity, the style Tir1AA to -3AA and Tir1CC to -3CC will be used in the following description. Survival of congenic mouse lines was compared using the Kaplan-Meier log rank test implemented in SPSS.
The homozygous congenic mouse lines were genotyped at the Wellcome Trust Clinical Research Facility, Edinburgh, United Kingdom, using the Illumina mouse medium-density linkage panel on an Illumina BeadStation 500 instrument. This panel contains 1,449 single nucleotide polymorphism (SNP) markers, of which 959 were informative between A/J and C57BL/6, with a mean spacing of 2.61 Mb. Using these data, it was possible to identify the approximate boundaries of the introgressed regions and also to identify nontarget regions of C57BL/6 origin that had been carried through into the congenic lines.
Clinical chemistry data were collected from a total of nine lines: the three inbred strains A/J, BALB/c, and C57BL/6; each of the three congenic lines Tir1CC, Tir2CC, and Tir3CC; and each of their respective control lines, Tir1AA, Tir2AA, and Tir3AA. Mice were co-housed, and each cage was randomly allocated a place on the rack to minimize batch effects of the environment. Forty mice of each line were infected intraperitoneally (i.p.) with 10 4 T. congolense IL1180 parasites, and 10 mice of each line were inoculated i.p. with 0.01 M phosphate-NaCl (pH 8.0)-1% glucose buffer (PSG) as controls. All mice that were not being monitored for parasitemia were checked by microscopy for patent parasitemia at day 7 when a 3-l blood sample was taken from the tail. Mice in which no parasites were seen were resampled after 48 h. Six of the 320 infected mice remained aparasitemic and were excluded from the study.
Mice were weighed and killed by CO 2 anesthesia at different time points to collect serum samples. Groups of 10 mice of each line were sampled immediately before infection and on each of days 3, 9, 17, and 35 iai.asm.org during postmortem sample collection, blood was collected by opening the thoracic cavity, removing the sternum, cutting the vena cava caudalis and the aorta cranial to the diaphragm, and collecting all the blood from the thoracic cavity using a pipette; the volume collected was 0.5 to 1 ml. Blood was left for 2 h at room temperature to clot and then stirred and centrifuged at 4,600 ϫ g for 10 min, and the serum was collected. Serum samples were stored at Ϫ80°C until all samples were collected. Then they were shipped to the German Mouse Clinic on dry ice and stored again at Ϫ80°C until they were analyzed. For the clinical chemistry analysis, samples were thawed, centrifuged, transferred to 1.5-ml Eppendorf tubes, and stored overnight at 4°C before analysis using an AU400 autoanalyzer (Olympus) and adapted test kits (Olympus). Samples were briefly vortexed and centrifuged again to remove clots. Uric acid concentrations were measured from undiluted samples, except for the samples from the three parental inbred strains, which were diluted for all parameters. For the analysis of all other parameters, samples were diluted 1:2 with deionized water, mixed, and centrifuged again, before being tested (see Table 2 ). Samples that contained Ͻ90 l of serum were pooled with one other sample collected from another animal of the same strain or congenic line at the same time point, in order to get enough material to test all parameters chosen.
Hemoglobin levels. Before the mice were killed, three samples of 2 l of whole blood were collected from the tail (after discarding the first drop). The relative hemoglobin concentrations were measured spectrophotometrically at 540 nm using Drabkin's method (2a) . Each of the triplicate samples of 2 l of tail blood was diluted in 200 l of Drabkin's solution mixed with Brij detergent (Sigma) in a 96-well round-bottom plate (Costar 3799; Corning, Inc., Corning, NY). After 30 min at room temperature, the optical density was measured at 540 nm in an enzyme-linked immunosorbent assay plate reader (Multiscan MCC/340; Titertek Instruments, Huntsville, AL).
Parasitemia. At days 4, 6, 8, 10, and 13, 3 l of blood was collected from the tails of five mice per strain or congenic line. The blood was diluted 100:1 in two stages, and parasitemia was determined with a hemocytometer.
Statistics. Data were explored by analysis of variance using the general linear model univariate procedure in SPSS. The inbred mice and each of the pairs of congenic lines and their controls were analyzed independently, and no comparison was made between different congenic lines or between congenic lines and inbred mice. Consequently there were a maximum of three strains and five time points for each analysis. Time points were considered as an explanatory variable (i.e., independent) as mice were sacrificed at each time point. Duncan's multiple comparison test was used to identify strains or time points that differed significantly from each other. No multiple-testing protection was applied to the results since the primary objective was to generate hypotheses by screening a large panel of analytes for any that might show an association with breed. Histograms of standardized residuals and plots of fitted values versus residuals were used to check the assumptions of the model, and natural log transformations were used where necessary. In most cases, these C57BL/6 regions were also present in the littermate control mice and were therefore unlikely to account for genotype-specific differences found between carriers of the congenic region and control mice from the same line. Complete data are shown in the supplemental material table for genotypes.
RESULTS

Positions
Effect of congenic loci on survival. Survival times postinfection are shown in Table 1 and Fig. 1 . The Tir1CC mice carrying the C57BL/6 allele at the Tir1 locus survived 21 days longer than their littermate controls carrying the A/J allele at this locus. Similarly, the Tir2CC animals carrying the C57BL/6 allele at the Tir2 locus survived 10 days longer than their littermate controls carrying the A/J allele. There was no significant difference in survival between the Tir3CC and Tir3AA mice.
Clinical chemistry of inbred mice. Clinical chemistry data were obtained in two steps. In step 1, parental A/J, BALB/c, and C57BL/6 inbred mice were screened for 15 parameters prior to infection and at four time points (3, 9, 17, and 35 days postinfection). In step 2, the congenic mice were screened for seven parameters that showed differences between the inbred strains or that varied over the period of infection. The complete results are available in the supplemental material, under "Clinical chemistry." P values indicating the probability of a significant influence of strain, day postinfection, and the interaction strain ϫ day postinfection on each parameter measured are shown in Table 2 . Electrolytes. Levels of potassium and chloride in preinfection samples from BALB/c mice were relatively high for unknown reasons, but by day 3 postinfection, these had dropped to within the range for A/J and C57BL/6 mice. Thereafter, there were only small differences in potassium and chloride levels between the inbred parental mouse strains (Fig. 2 ). C57BL/6 mice had a mean K ϩ of 7% less than A/J and BALB/c mice; chloride in A/J mice was significantly lower than in BALB/c or C57BL/6 mice, but only by 1 to 3%. There were no significant differences between strains in sodium and inorganic phosphorus (not shown). The very small absolute variations in potassium and chloride levels between strains were statistically significant (P Ͻ 0.001), but this may be a reflection of the highly reproducible measurements of these analytes rather than any clinical significance.
Serum enzyme activities.
Alanine aminotransferase (ALAT) activity (Fig. 3) reached a maximum around the first peak of parasitemia at day 9 in BALB/c and C57BL/6 mice, but did not respond until day 35 in A/J mice. A/J is the most susceptible strain, and by day 35 postinfection, many of the A/J mice began to show visible symptoms, such as swollen spleen, spiky coat, hunched posture, and reduced mobility.
Alkaline phosphatase (ALP) activity (Fig. 3B) showed a marked increase at day 3 postinfection in all strains and then returned to baseline levels.
␣-Amylase activity peaked at day 3 in all three mouse strains and then returned to baseline levels (Fig. 3C) . The strongest reaction was seen in C57BL/6 mice.
Markers of kidney function. Kidney diseases lead to the failure of the urinary excretion of metabolites, thereby resulting in increased serum levels of creatinine and urea. Creatinine levels did not differ during the observation period between strains and changed only slightly over time, similar to urea levels, which remained constant in all strains until they increased by 21 to 47% at day 35 ( Fig. 4A and B) .
Uric acid. Uric acid is an intermediate in purine catabolism, and levels can be increased as a consequence of infections and massive cell death. Uric acid metabolism has been implicated in the control of malaria and also T. congolense infection in cape buffalo (6, 34) . However, in the present study uric acid levels remained reasonably constant during the course of infection in A/J and BALB/c mice, while they fluctuated between 2 and 4 mg/dl in C57BL/6 mice (not shown). However, these values are within the ranges seen in wild-type mice of different strains.
Albumin concentration. Albumin is known as a negative acute-phase protein since levels decline during the acute-phase response. Albumin declined throughout the infection in all mouse strains (Fig. 4F) , probably indicating a decline in liver function, while total plasma protein remained constant (data not shown).
Glucose and lactate concentrations. Glucose levels were 19 to 75% higher in C57BL/6 mice than in A/J and BALB/c mice at all time points, and glucose concentrations declined in all strains over the course of infection (Fig. 4C) . Lactate levels a Values represent the probabilities of strain-and/or time-dependent differences in response to infection for the analytes tested. ALAT data were log n transformed before analysis; all other data were approximately normally distributed. There were highly significant effects detected for the levels of most analytes both over time (day) and between strains. No multiple-testing correction has been applied, but if Bonferroni's correction was used, then 0.0033 would be equivalent to the 0.05 significance threshold used here. Plots of transferrin levels have been published previously but are included here for completeness (25) .
b NS, not significant.
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at University of Liverpool Library on August 18, 2009 iai.asm.org remained constant in A/J and BALB/c mice but declined in C57BL/6 mice. Lactate levels were significantly lower in C57BL/6 mice than in A/J or BALB/c mice, particularly after day 3 (Fig. 4D) . Clinical chemistry findings in congenic mice. The data for each congenic/control pair were compared, and the resulting probabilities are shown in Table 3 . There were significant changes of all analytes over time in at least one congeniccontrol comparison, but only one, ␣-amylase, differed significantly between congenic mice and their respective control groups, and in this case the differences were small relative to the differences between parental strains. The Tir2 and Tir3 regions showed effects on ␣-amylase activity, and the Tir1 region showed a significant interaction between day and strain. All strains showed a spike in amylase activity at day 3 postinfection. Carriers of the C57BL/6 allele at the Tir2 and Tir3 loci displayed increased levels at day 3 and at days 3 and 9, respectively, compared to the corresponding control mice. This was in the same direction as the observed effect in the parental mice, suggesting that both loci might have an influence on amylase levels (Fig. 4F) .
Effect of congenic loci on anemia. Anemia is an important component of the pathology in cattle, and the degree of anemia varies significantly between the parental mouse strains after infection. The hemoglobin levels of the congenic mice and their respective controls were measured in order to determine whether the genotype of the congenic regions affects hemoglobin levels and whether there was a significant association between anemia and survival (Fig. 5) . The plots show that hemoglobin levels declined after infection, as expected. A/J mice had significantly higher hemoglobin than C57BL/6 mice; however, there was no evidence of significant differences in hemoglobin levels between any of the three congenic lines and their controls, suggesting that the congenic regions do not affect this phenotype.
Effect of congenic loci on parasitemia. In mice, T. congolense parasitemia normally increases to a first peak about 7 to 9 days after infection with T. congolense strain IL1180. Although there is no direct correlation between parasitemia and survival, the intensity of parasitemia is both a consequence of the hosts' ability to control the parasite and a driver of many host responses. Parasitemia levels over the course of the infection are shown in Fig. 6 . It is well established that BALB/c and A/J mice tend to have higher levels of parasitemia than the more resistant C57BL/6 mice, and this was confirmed again here. There was no evidence for control of parasitemia by any of the QTL in the congenic mice.
DISCUSSION
Survival time. The Tir1CC and Tir2CC congenic mice survived 21 and 10 days longer after infection with T. congolense than their respective control strains. These differences in survival time are similar to those found in the earlier generation study (20 and 17 days, respectively) (12) and ϳ10 days less than those predicted in the original F2 mapping experiment (31 and 22 days, respectively) (10). It is possible that combining lines would lead to a difference in survival that was greater than the sum of the differences found here. However, no evidence for interaction between loci was found in the original mapping studies (8, 10) , and consequently any additional increase in survival in a combined line over the sum of the differences observed here is likely to be small.
The Tir3 QTL that was identified in the F2 study was found to consist of three QTL in the subsequent fine-mapping F6 study, which were designated Tir3a, Tir3b, and Tir3c (8) . The Tir3 congenic line carried C57BL/6 alleles from 93.3 to 123.6 Mb on Mmu1, which corresponds to Tir3a, the most proximal of these QTL. It is possible that the map position of Tir3a has been confounded by the closely linked Tir3b and Tir3c QTL. Means Ϯ standard errors are shown. ALP and ␣-amylase levels spiked in most mice at day 3. ALAT levels spiked at day 9 when levels were directly correlated with survival time.
The failure to detect a difference in this study, whereas a 28-day difference was found in the earlier congenic study (12) , may be a consequence of additional recombination events in the introgressed region or the use of matched controls in this study rather than the common controls that were used in the earlier one. New congenic lines are being developed to test the effects of Tir3a, Tir3b, and Tir3c and might identify the number and location of these QTL.
FIG. 4. Levels of urea (A), creatinine (B)
, glucose (C), lactate (D), and serum albumin (E) in inbred mice and ␣-amylase (F) in congenic mice. Means Ϯ standard errors are shown. Urea declined in BALB/c mice from day 0 to day 3; thereafter, all strains remained stable until day 17, after which they increased to day 35. A/J mice had lower levels at all time points. Creatinine remained within normal ranges at all time points. Both glucose and lactate declined in C57BL/6 mice over the course of the infection, but levels remained constant in the other two strains. The inverse relationship between glucose and lactate in C57BL/6 mice, compared to the other two strains, might indicate reduced glucose flux through the erythrocyte glycolysis pathway or increased gluconeogenesis in this strain. Albumin declined consistent with an acute-phase response; transferrin increased, presumably in response to the developing anemia. The differences in ␣-amylase between Tir2CC and Tir2AA mice and between Tir3CC and Tir3AA mice were significant. The general trend was very similar to that of the A/J parental strain (Fig. 3C) .
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Clinical chemistry. The dominant features of the clinical chemistry data are the successful maintenance of homeostasis of the major organ systems during the first 35 days of infection. Although there are responses to infection at specific time points, it is clear that the mice are not suffering serious loss of any organ functions despite the intensity of the infection. The stability of electrolyte levels indicates that the animals are maintaining homeostasis during the infection and that therefore the animal has some degree of control over its response. However, a common feature in all groups investigated were decreasing levels of glucose and albumin during the course of the disease, most likely reflecting developing cachexia.
Differences in glucose and lactate levels between the inbred strains might be caused by genetically fixed background effects, since C57BL/6J mice are known to show glucose intolerance due to impaired insulin production (31a). In the absence of differences in insulin resistance, the increased glucose and reduced lactate levels in the C57BL/6 mice relative to A/J and BALB/c mice could also be a consequence of one or more of the following three factors: reduced flux through the erythrocyte glycolysis pathway in the presence of more severe anemia, reduced flux through the parasite glycolysis pathway in the presence of lower parasitemia, and increased gluconeogenesis.
African trypanosomes have been estimated to consume twice their own weight in glucose per day, and hence high parasitemia could have a significant impact on glucose levels; however, trypanosomes actively excrete pyruvate rather than lactate, so the apparent inverse correlation between glucose and lactate levels is not readily explained by parasite glycolysis.
It is not possible to choose between the other two hypotheses with the data presented here.
A recent nuclear magnetic resonance-based study found that lactate tended to increase and glucose tended to decrease in the NMRI strain of mice infected with T. brucei (GVR35) (35) . This is not consistent with the data presented here. It is evident from this study that the levels of these analytes are dependent on mouse strain, and they may also be dependent on parasite strain as well. The differences in mouse and parasite strains could therefore account for the differences between the two studies.
Transferrin is also a negative acute-phase protein that normally declines during the acute-phase response (28) , but it is upregulated in response to anemia and iron deficiency. The samples collected for this study were assayed for transferrin, and the data have been published separately (25) : the level of transferrin increased significantly over the course of the infection, particularly in the A/J mice. The fact that transferrin levels rose rather than fell, as would be expected during a classical acute-phase response, is further evidence of the weakness of the inflammatory reaction. The relatively weak acutephase response and the general maintenance of homeostasis are consistent with the behavior of mice during infection, which generally appeared normal upon visual inspection, even during peaks of parasitemia.
ALAT is a leakage enzyme (reflecting alterations in cell membrane function) and is found in the highest concentrations in the liver of mice. It is a useful analyte to measure as an index of hepatocellular damage (14) . Increased activities of ALAT in serum of BALB/c and C57BL/6 mice most likely indicate liver cell damage due to inflammation around the peak of parasitemia at day 9. It has been shown that opsonized parasites are cleared from the blood via phagocytosis by Kupffer cells in the liver, which become greatly enlarged (29) . Kupffer cells may also secrete inflammatory mediators, which could induce inflammatory reactions resulting in an increased ALAT level. It is interesting that the ALAT level did not rise in A/J mice or any of the congenic mice during the first peak of parasitemia, suggesting that these mice do not mount a significant inflammatory response to the first peak of parasitemia. Parasitemia could be a confounder of any measure of inflammation since it is not certain to what extent high parasitemia might induce more severe inflammation or conversely to what extent the inflammatory response might help to control parasitemia. In this case, ALAT levels were not ranked in the same order as parasitemia, suggesting that there was no direct correlation between the two. However, C57BL/6 mice had the highest ALAT levels and the lowest parasitemia, suggesting that a stronger inflammatory response might contribute to the reduction in parasitemia, although with only three mouse strains it is not possible to attach any statistical significance to this observation. A/J mice tend to have higher parasitemia than C57BL/6 mice (Fig. 6) , and the lack of inflammation in the liver might be associated with reduced parasite clearance by Kupffer cells. The absence of an obvious acute phase or inflammatory response from the most susceptible mouse strain could suggest that this contributed to their early death after infection. However, all of the congenic mice also failed to exhibit an ALAT increase around the first peak of parasitemia, indicating that the individual congenic regions did not control the response Values represent the analysis of variance probabilities of strain-and/or timedependent responses to infection. There was a highly significant response to infection over time (day) in the levels of most analytes, since the day postinfection had a significant effect on almost all analytes in all strains. However, significant strain effects (P Ͻ 0.05) were seen for amylase activity only.
resulting in increased ALAT activity on day 9. This is particularly surprising in the case of Tir1 since it includes the major histocompatibility complex region. Since there were significant differences in survival between congenic and control lines, it appears that the presence of an early response, as indicated by the clinical chemistry analytes measured here, does not contribute to prolonged survival after infection. However, plasma ALAT activities did rise in the late stage of infection in the congenic mice, although the levels were not significantly different between congenic and control mice, and urea levels were also increased on day 35 in the parental strains, suggesting that the latest time point chosen might have been too early to diagnose pathological consequences of the infection finally leading to the death of the animal.
Serum activity of ALP, an enzyme produced by hepatocytes lining the bile canicula and by osteoblasts, is typically increased in all liver diseases associated with cholestasis and in disorders of bone metabolism. Since ALP is also found in many other tissues (intestinal mucosa, kidneys, and blood vessels), increased activities sometimes can also be found under other pathological conditions such as peritonitis (1) .
Increased activities of ␣-amylase are found in pancreatitis, peritonitis, diseases of the parotid glands, and kidney failure, while decreased activities are found in severe liver damage.
␣-Amylase was the only clinical chemistry analyte that differed between congenic lines and controls. The transient spikes in serum amylase and ALP in both inbred and congenic mice at day 3 could both be associated with a transient peritonitis caused by the i.p. injection of parasites. However, amylase also increases after feeding (26) , so it is possible that the early stages of the infection are associated with increased appetance. Since food was not withdrawn before sampling, the differences in serum amylase between congenic mice and controls might be a consequence of greater increases in feeding in the Tir2 and Tir3 congenic mice than their controls or an interaction between the congenic regions and either appetite or digestion. Since Tir3 congenic mice did not survive longer than controls, it is unlikely that there is a direct correlation between serum amylase and survival.
The difference in survival between congenic and control mice is assumed to be a consequence of differences in the immune response and how it is initiated and subsequently controlled (2) . The stronger inflammatory response of C57BL/6 mice as measured by ALAT levels may help control parasitemia and extend survival in this strain, consistent with the evidence that type 1 inflammatory immune responses are associated with lower parasitemia (11, 21) . However, the absence of a difference in ALAT between congenic and control mice indicates that stron- congolense (11, 21) . Deletion of proinflammatory T cells in mice and cattle also has no effect on survival (23, 30) , but deletion of the antioxidant Sepp1 gene reduces survival (5) . Deletion of both anti-inflammatory interleukin-10 and regulatory T cells reduces survival of T. congolense-infected mice (7), while overexpression of the antioxidant paraoxonase extends survival (4), suggesting that an effective anti-inflammatory response that controls the damage caused by infection is at least as important as effective parasite control. Anemia and parasitemia. Anemia, the most prominent feature of trypanosomiasis in cattle, is also seen in murine trypanosomiasis models (15, 17, 22, 24) . A comparison of anemia and parasitemia between A/J mice and more resistant C57BL/6 mice revealed that anemia development was more severe in the C57BL/6 strain, despite the fact that this strain acquires lower parasitemia and survives longer after infection than strain A/J (24) . The finding that none of the QTL regulated anemia is consistent with previous observations in infections with T. congolense and the closely related parasite T. brucei (17, 24) . No correlation between either anemia or parasitemia and survival of C3H/HeN, BALB/c, C57BL/6, or CBA/Ca mice was found after infection with T. brucei (17) . This is in contrast to the situation in cattle, where chronic anemia is associated with death, and anemia rather than parasitemia is used as the criterion to decide whether to treat the animal (32) . In the mouse strains used in the present study, anemia is unrelated to survival, with the most resistant C57BL/6 mice developing the most severe anemia (24) . The more severe anemia of C57BL/6 mice is likely to be associated with the stronger inflammatory response to infection of these mice as measured by Tnfa and Ifng expression. Nitric oxide levels have been correlated with anemia after T. brucei infection; however, deletion of T cells in cattle has no effect on anemia, nor does deletion of the Tnfa gene of mice or irradiation of rats (15, 18, 20, 21) . Consequently, the more severe anemia of C57BL/6 mice may be due to differences in inflammation driven by the innate immune response.
Conclusion. The congenic mice confirmed the physical location of two out of the three QTL tested and showed that these two loci did not regulate either parasitemia or anemia. Clinical chemical investigations identified differences in the early response to the parasite seen in the parental inbred strains, but with the possible exception of ␣-amylase, these were not seen in congenic lines and therefore are unlikely to represent a major contribution to differences in survival time. It has been proposed that the genetic response to parasites is comprised of "two conceptually different components: resistance (the ability to limit parasite burden) and tolerance (the ability to limit the disease severity induced by a given parasite burden)" (27) . In this context, "tolerance" is used in the genetic sense and is iai.asm.org similar to the term "resilience" used in veterinary helminthology and not "tolerance" as used by immunologists. The absence of an association between the QTL and parasitemia or proinflammatory response suggests that the Tir1 and Tir2 QTL regulate tolerance rather than resistance. Further experimental work will be required to test this hypothesis. The congenic mice described here provide a powerful resource for discriminating between those factors that simply respond to infection and those that regulate survival after infection.
